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We construct a conservative model of quarks and gluons with the Han-Nambu charge assignment by slightly
breaking the SU(3).,,,, X U(1) gauge symmetry observed at present energies. At very large masses, stable integrally
charged colored quark states appear. The model is conservative in the sense that it differs as little as possible from
conventional quark-gluon models at low energies. In particular, all conventional tests proposed to discriminate
between fractional and integer quark charges fail. However, the model requires light charged Higgs scalars which

should have been seen in e *e “— hadrons at present energies.

I. INTRODUCTION

There are two common assignments of electric
charge to quarks. The more popular one is the
Gell-Mann-Zweig (GMZ) assignment giving the
quarks fractional charges depending on flavor and
not on color.! The other is the Han-Nambu (HN)
assignment, giving the quarks integer charge de-
pending on both flavor and color.? The two can be
related by

QHN=QGMZ+% ’ . (1.1)
where A4 is the eighth generator of color (not fla-
vor) SU(3). [In the triplet representation, A,

= diag(1/V3,1/V3,-2/V3)]. Lipkin has shown that
most conventional tests to distinguish between in-
teger and fractional charge fail at energies much
below the threshold for producing colored states.?
Here we examine whether it is possible to con-
struct a viable model of quarks with the Han-Nam-
bu charge assignment.

Our strategy will be to construct the most in-
nocuous possible model: one in which the greatest
amount of fractional-charge phenomenology is
preserved, but in which finally at some very high
energy, quarks give away their true integrally
charged natures. We work in the context of con-
ventional models with SU(3)0010r X SU(2) x U(1) gauge
symmetry. Our quarks are assumed either to be
stable or to have lifetimes long on the scale of
ordinary hadronic phenomena and our conclusions
may notapply to models with highly unstable quarks.
Atpresent energies, itappears the SU(3),, x U(1},,,,
gauge symmetry is exact. [U(l)G is the sym-
metry generated by eQ,,.] If SU(ZS)WM is an ex-
act local gauge symmetry and furthermore is ab-
solutely confined, then quarks will appear frac-
tionally charged at all energies. For quarks to
display integer electric charges, SU(3),, xU(1),,,
must be broken in such a way that a residual U(lg
coupling to @, remains unbroken. Then at scales
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where the symmetry breaking is negligible, quarks
will appear fractionally charged, but where it is
not they will appear integrally charged. A mech-
anism for “gently” breaking confined gauge sym-
metries was proposed in Ref. 4 in the context of
the bag model and applied to SU(3),, . By “gently”
we mean that the gauge bosons are given tiny La-
grangian masses (of order ) by a Higgs mechan-
ism. In a model which confines exactly when u©=0,
the effects of the symmetry breakdown are evident
only at masses on the order of M ~M,?/u, the
threshold for producing colored states (where M,
is a typical hadron scale).? The authors of Ref. 4
called this phenomenon “quasiconfinement.” Fol-
lowing Ref, 4 we construct a model of color-de-
pendent electric charge by gently breaking SU(3),,,
x U(1),,,- At energies well below color threshold,
the phenomenology of this model differs from that
of fractional charge by corrections of order u? /M,,z.
Since the color thresholdis inversely proportional to
L, we can postpone the appearance of integer
charge indefinitely by making u very small. So
far, so good. In the end, however, we find this
most conservative course is not possible. This
model requires light, colored, charged Higgs
bosons which should have been seen in e*e”—had-
rons well below present energies.

Okun, Voloshin, and Zakharov® have recently
discussed and criticized a class of popular inte-
ger-charge models. Although their work has it-
self been criticized by Chetyrkin ef al.,° we be-
lieve the framework they set up for the discussion
of interger versus fractional charge is a useful one
and wish to outline it here. Reference 5 begins
with an SU(3)cqor X U(1),,, gauge symmetry, where
U(1),,, is generated by €'Qy,+ They break the
symmetry and, as in the Weinberg-Salam model,”
there remains a U(l) gauge symmetry generated
by e@, .- The associated massless gauge particle
is identified as the photon and is a mixture of
SU(3) g0 and U(1),,,, with mixing angle 6 (analo-
gous to the weak mixing angle). The electric
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charge e equals e’cosf. From the success of quan-
tum-chromodynamics (QCD) sum rules at mo-
mentum transfer |@Q*| =1 GeV?, they (and others)
conclude that the original SU(3) x U(1) symmetry

is effectively restored at such momenta, and
therefore that the massive gauge particles must
have masses M <1 GeV. The effects of symmetry
breaking are suppressed by powers of M2/|@?
For color singlets, the effective charge must
change from eQ (= eQguz) at low momenta to
e'Q,, at high momenta.’’® Okun, Voloshin, and
Zakharov claimed to show that an enhancement of
electric charge by a factor e’/e=secé could be
ruled out by experiment. They also pointed out
that since the eight gauge bosons orthogonal to

the photon of this model are not seen freely, they
are presumably confined at present energies.

This seems unnatural since at least one of them
has an Abelian part.

We have constructed a model which is not sub-
ject to the criticisms of Okun, Voloshin, and
Zakharov, by confining only the non-Abelian fields.
To implement this we use the MIT bag model® in
which all colored fields are apriori confined to
hadrons. The unconfined Abelian U(1),,, field
mixes with the SU(3) fields only inside hadrons.
Outside hadrons, where there are no colored
fields, the U(1)GMZ itself must be identified with
the photon. In the limit that the Higgs vacuum
expectation value'® which breaks the symmetry
inside the hadron vanishes, we get back the ordin-
ary fractionally charged quark model. Also in
this model, the electric charge e equals e’, the
original U(1),,, coupling.™

In Sec. II, we first show how to break the local
SU(3)cotor X U(1)gy, gauge symmetry in the bag
model to give integer-charge quarks. We will
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show that at energies much below color threshold,
it may be impossible to distinguish between frac-
tional and integer charge in conventional tests.

In Sec. III we discuss the Higgs sector, and show
that for light Higgs bosons a charged, color deci-
met is needed. Then we show that the required
Higgs bosons are ruled out by present experiments.
We conclude that it is probably not possible to
construct a viable model of integrally charged
quarks using present theoretical technology. In
Appendix A we summarize various calculations
for the color-decimet Higgs bosons including the
calculation of colored-state masses. In Appendix
B, we show that n—yy decay, which is widely be-
lieved to be a model-independent test of quark
charge, gives similar results for fractional- and
integral-charge quarks in our model.

II. THE MODEL AND ITS PHENOMENOLOGY

In the bag model,’? all colored fields are con-
fined to hadrons. This requires certain boundary
conditions for the fields on the hadron surface.

In particular, for the gluon field V, (¢=1,...,8),

n, Frr=0, _ (2.1)

where 7, is the local normal to the surface. Col-
or-singlet fields are continuous across the boun-
dary. Gauss’s law holds in a theory with exact
color gauge symmetry, and when combined with
(2.1), tells us that all hadrons are color singlets.
When the color gauge symmetry is broken, Gauss’s
law no longer holds and colored states are pos-
sible.*

The bag Lagrangian density for an SU(3) x U(1)
Higgs model is®

£=—LF"F,,+6@q)[~-B=L1F ' Fyu+ digy 8,q - qv*(e'Q, A, + g2 Vo )a

+ 6, - ¢z
where
- 1 for g¢>0
6(gq) = ‘iq ’
0 for ¢gq<0,

B is the MIT bag constant (B'4=145 MeV), A, is
the Abelian gauge field associated with the flavor-
dependent charge operator @, with covariant
curl F,,, ¢ is the quark field with color and flavor
indices suppressed, ¢ is the Higgs field, and P

is the Higgs potential invariant under SU(3) .,
x U(1),,,. Since the Higgs fields carry color, they
too are confined to the interior of hadrons. We

A, - 28\V,)0|7 - P(oT, 9)], (2.2)

are restricting ourselves to moderate energies
where it can easily be shown that weak-interaction
effects are small. When SU(3)_, X U(1)gyy is un-
broken, the quark charges are of course e’Qgy,.

The symmetry is broken so as to leave a U(1)
gauge symmetry generated by*3

’ A M
2=e QGMZcosng--éil sin® (2.3)
and an associated massless gauge boson
@=Acosf+Vysind. (2.4)

The orthogonal combination, ® = —A siné + V, cosé,
is massive. Were there no confinement, we
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would identify @* with the photon field and £ with
the electric charge. To obtain integer quark
charges we would identify e= e’ cosf and tang=2e’/
V3g. Because the V* and Higgs fields are con-
fined, however, A* remains massless outside
hadrons. Since A* is the only gauge field outside
hadrons, it must be identified as the photon.

Now let us determine the charge eQ of some
hadron. To do so, we measure the electric field
flowing out through its surface,

eQ=denuF‘“’, (2.5)
where F*Y=8"A"~3"A*, From the definition of @,
_eQ=fds(secenqu“—tanenuF{;“), (2.6)

and using the boundary condition (2.1), the second
term in the integral is zero. Since @ is massless
inside the hadron, we may use Gauss’s law and the
remaining term is simply

eQ=sechf=e'Q

A
—8
2 +tanfg 3 " (2.7)

To obtain integer charge we must identify e=e’
and tané = 2e/V3g.

We may set an upper limit on the size of the
gauge-boson mass since colored states should ap-
pear at energies ~(a’u)™, where a’ is the Regge
slope (see Ref. 4 and Appendix A). A physical
colored quark state would have fractional baryon
number, so it would be distinguished by both high
mass and absolute stability. If M is a lower limit
on such objects, (say 10 GeV), then p<(a’M )™
~0.1 GeV. There is presently no lower limit on
i, since for u=0 we have the conventional frac-
tional-charge model. Throughout this paper, we
shall assume that pu/M, <1,

At this point it is obvious why it is difficult to
distinguish between integer and fractional charge
at energies below color threshold. With the ex-
ception of tiny gluon mass terms and a tiny mixing
term

Lp2® =1 ug%(—A sind + Vg cosb)? (2.8)

only within the bag, the Lagrangian of the broken
theory is identical to the Lagrangian of convention-
al fractionally charged QCD. Purely leptonic
processes are unaffected by this model, since
leptons interact with the photon A with coupling e
as usual. In hadronic processes at ordinary en-
ergies, quarks appear to have fractional charge
up to effects of order u?/M,?, where M, is a typ-
ical hadron mass. If one insists on diagonalizing
the mass matrix as in (2.8), the quarks will ex-
plicitly have integer charge in the Lagrangian,
but this is a delusion since the quarks’ coupling

to @and ® would add coherently in just such a way
as to imitate fractional charge at all momenta
much larger than the tiny gauge-boson mass. This
is effectively gauge symmetry restoration. Even
n —~ vy decay, which is widely regarded as a model-
independent test of quark charge,'*’® has only
0(u?/M ,?) corrections (see Appendix B). The rea-
son other calculations have yielded finite differ-
ences between integer and fractional charge for

n -y was the tacit assumption that the gauge field
coupling directly to the conserved current,

e’'Jiyz 0S8 + gJg sinf, is the photon field. That
would identify @ =A cos6 + V, sinf as the photon,
independent of u. In our model, the photon in the
fractional-charge theory, A, is the same as the
photon in the integer-charge theory in the u -0
limit,

It is conceivable that processes involving gauge
bosons of momenta below apparent symmetry
restoration, i.e., s O(u), could distinguish between
the two charge assignments if we understood the
strong dynamics involved. However, for pure
QCD processes the contributions of such small
momenta (large wavelengths) would be cut off by
the finite size of the hadron. For electromagnetic
measurements, large wavelengths would only
measure averages over the hadron, not individual
quark charges.

So in tests of charge, the limit u -0 seems en-
tirely smooth. If we continue to see fractionally
charged quarks at higher and higher energies in
more and more precise measurements, just
around the corner it would seem lurks the possi-
bility we will start seeing indications of integer
charge.

There is a final further requirement before our
model is guaranteed to liberate integer-charged
quarks. To obtain integer charge the U(1) symme-
try generated by @, must remain unbroken, but
to allow physical states with color not all gener-
ators of SU(3)_,,, can remain unbroken. In the
bag model of Ref. 4 any color generator which re-
mains unbroken annihilates all physical states.
Thus once we have chosen @, = Qg +X5/V3, we
must require the gauge symmetry generated by
A g to be broken. More precisely, we must re-
quire all unbroken color-symmetry generators to
be orthogonal to A4

III. THE HIGGS SECTOR

In the previous section, we showed that to get
integer charge, 2 =eQ,, cost must remain an un-
broken gauge-symmetry generator, and no other
unbroken color generators may depend on Xz, In
this section, we show that a Higgs sector can be
chosen which breaks the symmetries in the way
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we require,

Since € is unbroken, it is a symmetry of the vac-
uum. If v is the vacuum expectation value of ¢,
then Qv=0, i.e.,

QGMZU+%/-_83—-2)=0 . (3.1)
Therefore, v must be an eigenvector of 14 in the
representation of ¢, and the eigenvalue —Quy;V3
must be nonzevo (or else Ag is unbroken.) Thus
the Higgs scalars in our model must appear to
have nonvanishing electric charge at energies
where the symmetry breaking is negligible, i.e.,
where the quarks look fractionally charged. It
must be shown that the Higgs potential can break
down in this way. '

If the Higgs bosons are light, one must insist
that they may not bind with quarks to make color-
singlet states with fractional baryon number (which
would be absolutely stable), since such states are
not seen. This is equivalent to requiring that the
scalars be in an SU(3),,,. representation in the
product of a triality zero set of quarks. [We are
assuming that for the same reason that gqg states
are not seen (where g is a gluon), it is possible
that we will not see gq¢ states for octet Higgs
bosons, etc.]'

Going through color-SU(3) representations of
low dimension, triplets or sextets are not allowed
since they would permit unseen singlet hadrons.
Octets will not permit unseen hadrons. However,
it is impossible to leave Q unbroken without leav-
ing other generators depending on A, unbroken
with only one complex octet (though two octets
will work).

A decimet, with only the ),/V3= -2 component
of v being nonzero, may work if the Higgs potential
can break the symmetry that way. With Qcmz= 2,
Quy 1s unbroken, as well as a;, A,, and A,. This is
easy to see from a weight diagram (Fig. 1). Using
the methods of Li,'® it can be shown that a re-
normalizable Higgs potential can be chosen to
naturally break the symmetry in the necessary
way. The spectrum of colored states may be cal-
culated as in Ref. 4 (see Appendix A) and is gov-
erned by the mass operator (to lowest order in )

V3

M= 167a’'u’

(A2, = 3122, (3.2)
where )}, is the color Casimir operator and \,/
V3 is the color hypercharge of the state, and u’
is the Lagrangian mass of gluons ¢=4,5,6,7. The
Lagrangian mass of the & boson is ug=2sec u’
where it should be remembered that 8 is very
small (see Appendix A).

Although color SU(3) is broken in our model,
nevertheless the Casimir operator A ), and 2,
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commute with the mass operator. Hence physical
states can be classified by their color representa-
tion and, if it were necessary, by their A, eigen-
value. However, since each SU(3) color repre-
sentation has only one color isosinglet, and color
isosinglets are the only allowed physical states,
the classification by the eigenvalue of A, is un-
necessary.

The colored, charged Higgs bosons we have
been forced to introduce would participate in deep-
inelastic reactions as charged, scalar partons.
The results of ¢’ e”~hadrons experiments severely
limit the number and charge of light scalar par-
tons. The naive parton model predicts the angu-
lar distribution of jets to be

do 1 2 2
T sp?n . 39, (1 - cos29)
+ 2(1+cos%g 3.3
sp?n 1:/2 O ), (3.3)

where 6 is the angle between the jet axis and the
incident positron momentum. The distribution is
now experimentally known to be
% a1+ acos?f, (3.4)

where'” a=1.1+0.1. Espin 12 Q. ?=% for the five
known quark flavors, remembering there are
three colors. One scalar with charge 2 would give
a=2. A decimet of such scalars certainly could
not be tolerated.

So a decimet of light Higgs bosons will not work.
It is easily shown that no light Higgs bosons will.
Since the smallest eigenvalues of 1,/v3 are + 1,

the minimum possible |QGMZ| is £. For an n-plet,

Ag/V3
PR R Cr
PRt SEA
0 o e
120k, +x )l 2 1ul,0 ®-2

FIG. 1. The Higgs decimet. » is nonzero only in the
circled component. Since v is a color isosinglet, Ay, Ay,
and A3 remain symmetries. Ag+id; and Ag+iA; raise v to
the two Ag/A/3=~—1 components, while A;—iX; and Ag—iA;
annihilate v. Therefore neither A4, A5, Ag, A7 Oor any
Hermitian linear combination of them is conserved. The
masses of the Higgs bosons in each row are listed to the
left of the row. The row Ag/v 3=-1 is eaten by V;, Vs,
Ve, and V;, and the imaginary part of the Ag/A/3=-2
component is eaten by ®.
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this gives a lower limit on a:

1 - “2 31Qcmz" < z m
a= 3.5
“ =+ = nQGMz 131 +En (3.5)

After the decimet, the next smallest allowed Higgs
multiplet is two octets for which a < <jf, which is
far below experimental limits. Larger multiplets
make o smaller and are therefore excluded. It
should be noted that even the possibility of Higgs
triplets should be testable by experiments in the
near future. By our rules, one triplet of Higgs
bosons would have @, = % to give integer-charge
quarks. However, with two Higgs triplets, Qonz
+ can be used, giving an a closer to unity, «
= i ~(.83.

The possibility that the Higgs bosons are heavy
can also be excluded. The Lagrangian mass of a
gluon is ~g|v| while the Lagrangian mass of a
Higgs scalar, My, , is ~Vk|v|, where x is a
typical quartic Higgs couplmg. (For exact re-
lations for a decimet of Higgs scalars, see Appen-
dix A.) Here g is the strong coupling at typical
hadronic scales. Since the gluon mass is ~(oz’MC)'1
and g~1,

My; n 1
Higes ~ o~
i vl a'M, (3.6)

or Vk ~a'M My, . Taking a lower limit on M,
and M, of 10 GeV, we have vk 2100, For a «
this huge, perturbation theory breaks down and
we no longer get something that looks like QCD.
One might hope that perturbation theory could sur-
vive despite the huge « because of the huge Higgs-
boson masses in the denominators. Veltman, and
Applequist and Shankar'® have studied theories
with a large Higgs-boson mass. They found that
‘at energies much below the Higgs-boson mass,
there are corrections in a series like

M Higgs 2 M Higgs *
+8c M_}—llgs_'*-gcb;‘fﬂ%_’....’ (3.7)

2
l+g, mme
gauge gauge

where g, is the coupling constant of the gauge
group being broken and M_, . is a typical (La-
grangian) mass for the gauge bosons. In a theory
like the Weinberg-Salam model where g is
small, if we have g5°My, . */M, *~k~1, then the
powers of g;* shield the effect of the large Higgs-
boson mass. However in our model, g~1 and vV

~100 and perturbation theory breaks down.

IV. CONCLUSIONS

We have presented a model of integer-charge
quarks almost identical in phenomenology to that
for fractional-charge quarks at moderate energies,
the main differences being the production of inte-
grally charged quark states at very high energy,

and the necessity of light charged Higgs scalars.
The model fails in the end because the Higgs bos-
ons required cannot be tolerated by present data.
However, if the gauge symmetry were broken dyn-
amically without Higgs bosons, the model might
once more be viable. If the model were resur-
rected it would be appropriate to go through an an-
alysis similar to that of Ref. 4 for the phenomen-
ology of colored states. If this model cannot be
resurrected, it seems very unlikely that integer-
charge quarks can be reconciled with our present
understanding of hadronic phenomena.
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APPENDIX A

A decimet transforms under SU(3) as a totally
symmetric tensor with three contravariant indices
in a complex three-dimensional vector space. Let
us denote the Higgs field by ¢°°¢ and its complex
conjugate tensor by y,,.= (¢**°)*. The ten indepen-
dent components are yt't, 222 yB33  yl1z | ytis]
P23 22 381 9382 gng yl28, For a decimet,
the most general polynomial invariant under SU(3)
x U(1) is

a K ( a
p= _mzw bcwabc'*'_zL(d) bcwabc ?
K
+—22-d)abc¢abdd)emd)efc' (AI)

Define X §= y**?y,,, which is easily seen to be Her-
mitian and positive. We can diagonalize X § to
give X, 67 so that P can be rewritten as

IR PIEART S A CEPIT)

For P to be positive for large |y|, we require
k;>0 and «,> = k;.

To find the minima of P we set the first deriva-
tive to O:

oP 4 y o
0= =" = PPH T b sy YU I sy Y O

Wise (A3)

Now replace y°°°y,,, by X § and diagonalize X § to
give

0= —m2piits K1<2Xa) Piit sk, X, Pt (A4)

where these *’* are now in the “frame” where X
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is diagonal., If there exists a y?/*#0 for a parti-
cular value of 2, then

0= —m2+k, 3 X, + Ky X e (A5)

There are now four types of possible minima: the
obvious one is where all §#/*=0 and all X,=0, the
unbroken symmetry case. The other possible min-
ima types are those with one, two, or three non-
zero eigenvalues of X. Solving Eq. (A5) for these
three cases and defining » as the number of non-
zero X eigenvalues, the nonzero X eigenvalues
are m?/(nk, + k;). The value of P at these X is P,
= - Lm*/(k, + k,/n), so P takes its minimum when
k,/n is minimized. Therefore for k,>0, the min-
imum of P, is at n=3, i.e., X, , ,=m?/(3k;+k,)}
and for k,<0, the minimum is at n=1, e.g., X,
=m?/(k, +k;), X;=X,=0. We desire that only ¢
(the component of the decimet with X4/V3=-2)
have a vacuum expectation value, and must there-
fore have «,<0.

The Higgs-boson masses are obtained from the
second derivatives of P at the minimum v=m/(k,
+K,)'”? (in the ¥ component). The decimet has
20 real components, five of which are eaten by
the gauge bosons to make them heavy. We are
left with eight real scalars with mass |k, |/ |v|
(remember «, >—k,>0), six with mass |Zx,|*? ||,
and one with mass |2(k, + k) |*/2|v|.

The gauge-boson Lagrangian masses in the bag
are generated by the Lagrangian term |[eQGMZA
+2(0,/2)V, |2 Vi, V,, V,, and @ remain mass-
less. The mass of the V,, V;, V;, and V, is u’
=vVZ g|v| and the ®-boson mass is ug=2 secou’.

The masses of colored states can be calculated
as in Sec. III of Ref. 4 with a slight complication
due to the mixing of SU(3) and U(1). The deriva-
tion of Ref. 4 was not entirely correct and although
the results do not change, we shall present a
more careful derivation here. We approximate
the bag as a static cavity of volume V. The mass-
ive pure color gauge fields satisfy

V.E,+u'2V°=gp, (a=4,5,6,7), (A6)

where p, is the color charge density (including
that due to gluons) and E, is the color electric
field. Taking the volume integral over the bag, we
get

fdsﬁ-ﬁq+u’2fb A’ V3=gQ,, (A7)
ag

where Q,=,/2 is the charge of the state. The
first term on the left-hand side is zero due to the
bag boundary condition n-E,=0. For nonzero q,,
V9 contains a term which diverges as u’?2~0. To
1solate the divergent term we define
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Vo) =E 1 5,0 (48)

@, is easily shown to be well behaved as 1’20, ®
and @ satisfy

V- ﬁa + g’ ®°=gpg cosb— ep,,  sinf (A9)
V- B, = gp, sin6 + €D gy COS6 - (A10)

Multiplying (A9) by cosé and (A10) by sinf, and
adding them together, we get

V+ Ey+ ug? cosf ®°= gp, . (A11)
As with a=4,5,6,7, we get

() =+ By(), (a12)

where ¢ is well behaved as ug® -0, For small
gauge-boson mass, the leading contribution to the
field energy within the bag comes from the ([
term in V° and ®°,

7
E,= fd3x<éu’22(VZ)2+éum2&°z>
o=

1 2
gz M,ZV(Q Q

3Q4), (A13)
where, for attractiveness, we have added in @,3,
Q,%, and @,% which are 0 since their symmetries
remain unbroken. Other terms in the QCD Ham-
iltonian which appear to diverge with 1’ can be
shown, in fact, to be finite and/or positive. The
total energy is E=E;+BV. For the static cavity
approximation, a nonlinear bag boundary condi-
tion* requires the energy to be minimized with re-
spect to V, whence to leading order,

V3

= _ 3y 21k
ora (A2 = 226%) (A14)

and V= E(2B)?, where we have replaced @, by

/2, and for convenience we have introduced the
bag expression for the Regge slope,'®

, 1< 3 )1/2
@ =gr\2g?B/ -

APPENDIX B

(A15)

In the world of strange, down, and up quarks
(in that order), Quy,=-2§/V3, where \{ is the
eighth generator of flavor (not color) SU(3), and
Qun=—11/V3+14/V3. In first-order electromag-
netic transitions between color-singlet states, we
cannot distinguish between the two charge assign-
ments® because

(Vg 1D =CF 1T 1) - (BY)

since (f|J,|i)=0 if |4) and |f) are color-singlet
hadronic states. Certain second-order electro-
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magnetic transitions between color-singlet states
are generally believed to be model-independent
tests of quark charge. However, as we have
argued in Sec. II, the gauge symmetry is effective-
ly restored at momenta above the tiny gauge-boson
masses, since the contributions due to mass eigen-
states add coherently. In this section, as an ex-
ample the amplitude for 7, —yy which is widely re-
garded as a model independent and g independent
test of quark charge'®® is calculated. 7, is the
flavor-singlet part of the 7 or n’. As usual, we
use the chiral anomaly?° to calculate this ampli-
tude.

We examine the graph in Fig. 2, where the large
circle denotes the bag boundary. The triangle
part of the graph should not be affected much by
the bag since it probes short distances. The wig-

J

T A

A
FIG. 2. 7, decay into two photons.

gly lines inside the bag are either @ or ® lines,
both of which contain A. The relevant Green’s
function for the S-matrix element is

G, (%1, %5, 9)=TCO0 A, (x,)A (x,)0 - I () |0)
(B2)

where J,, is the flavor-singlet component of the
axial-vector current, and x, and x, are points out-
side the hadron. Using the interaction representa-
tion, we have to lowest order in e,

G, (%, %5, 9)=- % fbag A%z, d%z, TCO| AL (x,)AL(x,) T4 (2,) - @M(zy) + A (2,) - B(2,)]

X [Jé (22) : al(zz) +J(IB(‘22) ° (BI(ZZ)] 9 Jax(y) l0>

(B3)

connected

1
= =5 Syl 21d2,TC0 | AL JAN ) [ed Syz (21) < Az, + 8T H(z,) - VE(z,)]

2

X [ed vz (25)  AM(2,) + 8T Xz,) - VE(2,)] 8- T, (9) | 0)

(B4)

connected’

where the various J’s are various quark currents in an obvious notation. Although @ and ® are the mass
eigenstates inside the bag, it is actually more appropriate to use A and Vj; in this calculation. @ and ® are
not mass eigenstates outside the bag. A and V; are the mass eigenstates with masses 0 and M,, respec-
tively, where M, is huge since V, is quasiconfined. Outside the bag, @ and & mix strongly, 'the mixing
term being $M42V,?*= £M %@ sin6 + ® cos6)?. Even for x and y in the bag, T (0|@(x)®(y)|0) would not be 0
because @ and ® are mixed strongly by the boundary conditions. A and V,; also mix but only because of a
tiny mixing term only inside the bag, %ug°®%=%ug*(~A sing + V,;cos6)?, and they satisfy simpler boundary
conditions than @ and ®. Aside from pg?, the relevant scales, the 7 mass and the hadron size, are typical
hadron scales, and the mixing term may be treated as a perturbation. (B4) is then equal to (dropping I’s)

Guv(xu Xay y)= - ,/,,:agd4zld4zzT<0 l Au(x1)Ap(Z1) t0>T< 0 |Au(x2)Au(Zz) l0>T< 01 9 'Jax(y)ezJéMz(zl)J(‘;’MZ (Zz) |0>

= bagd %2,d%2,TC0 ‘Au(xl)vsa(ZJ ‘ 0) 70 lAu(xz) Vao(22) | 0)7(0]2 I (9)g 2 §(2,) 3(2,) I 0), (B5)

where the propagator T (0 |A(x,)Vy(z,)|0) is not zero but small because the mixing term A and Vg inside

the bag is tiny. As pg—0, the mixing goes away:

lim 70| A*(x,)V§(z,) |0) = —ilg? sinb cosd j;agd“wT(O | A% (x,)A,(w)]0) T<O | V2 () V2(2,) | 0), (B6)

rg2—0

which smoothly goes to zero, and 740 |A(x;)A(z,)|0)
also smoothly goes to its value in the fractional-
charge model. Therefore, for sufficiently small
Lg®, there is no essential difference in 1 -y be-

r

tween our integer-charge model and fractional
charge.

When a finite “model-independent” difference was
obtained between fractional- and integral-charge
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assignments, the tacit assumption had been made

that the photon field couples directly to the current
Jyne That would identify the photon as @. Had we
substituted @ for our bag-exterior photon field A4,

in Eq. (B3), we would have only needed to study

70| 8 - J . (W, (2,0 ,,,(25) | O) to determine the dif-
ference between integer and fractional charge.
However, in our model we must study the entire
n -y Green’s function.
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